Ag nanoparticle paste is prepared based on the polyol method and subsequent concentration by centrifuging. The sintering bonding process using Ag nanoparticle paste at different bonding pressures is studied. The joint strengths are increased as the bonding pressure increases from 0 MPa to 7.5 MPa. This is due to the fact that the higher assistant bonding pressure is beneficial to the growth of neck size between the adjacent particles and forms denser sintered Ag layers. The joint strength bonded under 10 MPa is lower than that bonded under 7.5 MPa, which may be due to the residue of organic component in the sintered Ag layer. The joint properties bonded with Ag nanoparticle paste in high temperature environment are evaluated by heat treatments at temperatures ranges of 200-350 ∘ C for 50 hours. The results show that the mechanical properties of joint with Ag nanoparticle paste are better than the joint with Pb95Sn5 solder after storage at high temperatures.
Introduction
Electronic packaging is one of the key technologies during electronic product manufacturing. Electronic packaging materials provide the medium for electronic interconnections and mechanical support between the chips and the bonding pads. Lead-based solders are used widely as electronic packaging materials. However, Pb and its compounds pose serious threat to human health and environment when they are disposed. The bonding material without Pb is necessary to protect the environment and human health [1] .
The emergence of nanometer technology gives a possible solution for these problems. When particles are reduced to the nanoscale, some special properties are obvious, such as increase of the diffusion coefficient and decrease of the melting point [2] [3] [4] [5] . Ag has high electrical and thermal conductivity and exhibits good fatigue performance. These good properties, as well as its high melting point (960 ∘ C), make Ag a suitable material for high temperature packaging applications. Silver nanoparticles can be sintered at low temperature and have the potential to be a Pb-free, highperformance interconnecting material for high temperature electronic applications [6] . Recently, there has been an increasing interest in developing the sintering bonding process using metal nanoparticle paste [7] [8] [9] [10] [11] [12] . Typically, the organic component was added to the silver nanoparticles to prevent the self-cohesion of metal nanoparticles [9, [13] [14] [15] [16] . However, the added organic component has detrimental effects in the sintering bonding applications due to its residue in the joint layer [17] . The reduction of organic components is beneficial to form joints with lower bonding temperatures and assistant bonding pressures [18] . A method to prepare Ag nanoparticle paste based on the polyol method was developed to prepare Ag nanoparticle paste with a high Ag content of 96.1 mass% [18, 19] . It has been demonstrated that the joint can be formed 2 Journal of Nanomaterials without using assistant bonding pressure [18] . The sintering mechanisms and joint strength related with the microstructure have been reported [20] . In this study, the bonding processes under different assistant bonding pressures using Ag nanoparticle paste are studied. The joint properties in high temperature environment are evaluated by the storage at high temperatures. The good service performance of joint bonded with Ag nanoparticle paste is demonstrated by this experiment.
Experimental Procedure
The Ag nanoparticle paste used in this study was prepared by the chemical reduction method and subsequent concentration without further addition of organic component [18] . Firstly, silver nanoparticle solution was synthesized based on the modified polyol method [21] . The AgNO 3 was reduced in EG solution, and polyvinylpyrrolidone (PVP) was used as a protecting agent to prevent it from aggregation. The polyol in the polyol process acted as both a solvent and a reducing agent. This Ag particle paste was prepared by condensing Ag nanoparticle solution with a centrifuge at 7000 rpm for 20 min without addition of organic component. The bonding process using Ag nanoparticle paste was conducted in an oven at 250 ∘ C with bonding pressures from 0 MPa to 10 MPa in air and a holding time of 30 min. The bonding specimens were Ni/Ag coated Cu discs as shown in Figure 1 . The nickel plating followed by silver plating was applied using electrolysis to protect the Cu discs from oxidation. These Ni/Ag coated Cu discs were bonded using Ag nanoparticle paste. The Ag nanoparticles were applied on the faying surfaces of Φ 6 mm Cu disc, which was set on the Φ 10 mm Cu disc.
The synthesized Ag nanoparticles were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Ultraviolet-visible (UV-vis) spectroscopy was conducted during the course of the reaction using a quartz cuvette by a UV-vis spectrophometer. The bonding strength was measured as shear strength using the Thermal-Mechanical Simulator Gleeble 1500D with a displacement speed of 5 mm/min. To evaluate the joint properties the high environments, the joints bonded using Ag nanoparticle paste were heat treated at different temperatures from 200 ∘ C to 350 ∘ C for 50 hours. The joints bonded using typical high-melting-point solder Pb95Sn5 were also prepared and heat treated at the same parameters for comparison. After the heat treatment, the joints using both Ag nanopartcle paste and solder Pb95Sn5 were tested using the Thermal-Mechanical Simulator Gleeble 1500D with a displacement speed of 5 mm/min under room temperature. Three samples were tested for the same bonding parameters. UV-vis spectroscopic method can be used to track the morphological evolution involved in the growth process of Ag nanoparticles [22] . It is reported that reduction mechanism of Ag nanoparticles by ethylene glycol (EG) likely involves the following chemical reactions [23] :
Results and Discussion

Characteristics of the Synthesized
(1) Figure 2 shows the UV-visible spectra obtained from the solutions sampled at different reaction times. The Ag nanoparticles are generated gradually, which is clearly indicated by the increasing intensity of the surface plasmon band in the UV-vis spectra. No peak is detected from the solution sample at 10 s, indicating that almost no Ag nanoparticles were formed by this time. The appearance of a weak plasmon peak at about 402 nm (reaction time 1 min) indicated the formation of Ag colloids. In the period from 3 to 10 min, the intensity of the peak increased and the peak position shifted from 407 to 428 nm. This increase of intensity and red-shift in energy indicates the change of both number and size of Ag nanoparticles. As the reaction proceeded from 10 to 15 min, there is an obvious increase for peak position and intensity. This suggests the generation and growth of Ag nanoparticles. However after 15 min, the change of peak position is not obvious, although a significant increase in intensity is observed. This indicates that the size or shape of initially formed Ag nanoparticles is basically kept constant from 15 to 30 min and new Ag nanoparticles continue to form. Figure 3 shows the SEM and TEM images of Ag nanoparticles after the reaction [20] . The Ag nanoparticles are mainly spherical with diameters of about 40 nm. In the TEM image the organic shell coated on the Ag particle surface can be observed. It is shown that this organic shell can prevent the aggregation of the particles before the bonding process [18] .
Effect of Bonding Pressures on the Joint Strength and
Microstructure. The sintering bonding processes at different bonding pressures from 0 MPa to 10 MPa at 250 ∘ C were performed. Figure 4 illustrates the shear strength of joints bonded using Ag nanoparticle paste at different bonding pressures. It can be seen that a joint with shear strengths higher than 15 MPa is formed without the assistant bonding pressure. This is attributed to the decrease of organic content in the Ag nanoparticle paste [18] . The decrease of organic content benefits the formation of joints at low temperature and low assistant bonding pressures. With the increase of bonding pressures from 2 MPa to 7.5 MPa, the joint strength increased gradually. The joint bonded at 7.5 MPa has a high strength of about 60 MPa. However, with the further increase of the bonding pressure to 10 MPa, the joint strength is decreased to 55 MPa. Figure 5 shows the optical and SEM top fracture surfaces of the joints bonded at different bonding pressures. It can be seen that the joint formed without assistance pressure shows less fracture traces. This suggests that during the bonding process without pressure the partial particles form interconnections between the adjacent nanoparticles. For the joints formed at pressures from 2 MPa to 10 MPa, obvious fracture traces can be observed, which correspond to the high joint strength. The effect of bonding pressures can be explained by the sphere-to-sphere model [20] . It has been demonstrated that the joint strength is proportional to the square of the neck size ratio of sintered Ag nanoparticles in the sphere-to-sphere model. The pressure between the two adjacent nanoparticles in the sintered layer will increase with higher assistant pressure according to Herring's theorem [24] . The higher pressure between the two adjacent nanoparticles is beneficial to the growth of neck size during the sintering bonding process. Since the assistant bonding pressure will increase the neck size during the sintering bonding process of Ag nanoparticles, it is reasonable to expect that joint strength increases at the higher bonding pressure. The bonding pressure will also play a role in increasing the density of sintered Ag nanoparticles, which will increase the effective bonding area in the joints. It should be noted that the joint strength formed at 10 MPa is lower than that formed at 7.5 MPa. This may be related to the vaporization and decomposition of organic component in the Ag nanoparticle paste. Although the Ag content is increased to 96.1 mass%, there is still approximately 3.9 mass% of organic components in the Ag nanoparticle paste. The decrease of joint strength at 10 MPa may be due to the residue of organic in the sintered Ag layer. Figure 6 shows SEM cross-sectional images of joint bonded using Ag nanoparticles at temperature of 250 ∘ C under 5 MPa. The plated Ni layer is introduced to increase the combination between the plated Ag layer and Cu substrate during the electrical plating. It can be seen that interconnected microstructures are formed in the sintered Ag layer. There are no obvious defects existing between the interface of different layers, which indicates the good bonding quality of the joint. Figure 7 shows SEM images of the fracture surface of a joint made using Ag nanoparticles at big Cu disc and small Cu disc. Figure 8 presents SEM fracture surfaces images at different areas shown by arrows in Figure 7 . It can be seen that fracture traces existed at different areas in the big Cu disc and small disc. This suggests that the fracture of the joint occurs in the sintered Ag layer instead of the interface between sintered Ag layer and plated Ag layer. Figure 9 illustrates the shear strength of the joints bonded using Ag nanoparticle paste and Pb95Sn5 solder after heat treatment at different temperatures from 200 ∘ C to 350 ∘ C for 50 hours. Before this heat treatment, the shear strengths of the joints bonded using Ag nanoparticle paste and Pb95Sn5 solder are 36 MPa and 30 MPa, respectively. The shear strength of joints bonded using Ag nanoparticle paste increases after heat treatment at temperature range from 200 ∘ C to 300 ∘ C. After heat treatment at 350 ∘ C for 50 hours, the joint had a high strength of 50 MPa. The strengthening of the joints during heat treatment is due to the further sintering of Ag nanoparticle paste. Figure 10 shows the corresponding fracture microstructures of the joints bonded using silver nanoparticle paste after heat treatment at temperatures. It can be seen that both neck growth and grain growth are detected. It has been shown that the shear strength with Ag nanoparticle paste increases with the growth of neck size; it is reasonable to expect that the strength increases after storage at high temperatures. For the joint bonded with solder Pb95Sn5, no obvious changes of the joint strength were observed after heat treatment from 200 ∘ C to 300 ∘ C as shown in Figure 9 . After heat treatment at 350 ∘ C for 50 hours, the joint bonded with solder Pb95Sn5 disconnected and the joint strength decreased to 0 MPa as shown in Figure 9 . Figure 11 shows the SEM fracture surfaces of the joints bonded using solder Pb95Sn5 after heat treatment at different temperatures. For the joints after heat treatment at temperatures from 200 ∘ C to 300 ∘ C, the solder layer with dimple fracture microstructures can be seen (Figures 11(a) , 11(b), and 11(c)). Figure 11(d) shows the disconnected surface of the joint bonded with solder Pb95Sn5 after heat treatment at 350 ∘ C. Figure 12 is the EDS analysis result on the surface of disconnected joint. Besides the Sn and Ag elements, Cu and O were also detected. This suggests that the plated Ni/Ag layer on Cu substrate is broken and oxidation occurred. This is due to the fact that the heat treatment temperature (350 ∘ C) is higher than the melting temperature of solder Pb95Sn5 (300∼314 ∘ C). From these results, it is known that the joints bonded using Ag nanoparticle paste have similar or better mechanical properties compared with the joint bonded with solder Pb95Sn5 in high temperature environments.
High Temperature Properties of the Joint with Ag Nanoparticle Paste.
Conclusions
The sintering bonding processes with Ag nanoparticle paste were performed at different bonding pressures from 0 MPa to 10 MPa. The increase in bonding pressure from 0 MPa to 7.5 MPa yields stronger joints, which is attributed to the neck growth in sintered Ag layers. The strength of joints bonded at 10 MPa is lower than that bonded at 7.5 MPa. This may be due to the residue of organic components in the sintered Ag layer. The joint properties in high temperature environment are evaluated by the heat treatment at temperatures ranges of 200-350 ∘ C for 50 hours. For the joints bonded with Ag nanoparticle paste, the strength increases after heat treatment. This is attributed to the further sintering and neck growth of Ag nanoparticles. For the joints bonded with solder Pb95Sn5, there is no obvious change for the strength after heat treatment at temperature ranges of 200 ∘ C to 300 ∘ C. After heat treatment at 350 ∘ C, the joint strengths decrease to 0 MPa due to the disconnection and oxidation of Cu discs. These results show that the Ag nanoparticle paste has potential applications as bonding materials used in high temperature environments.
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